Background: Although cross-linked polyethylene is resistant to wear in comparison to conventional polyethylene, it remains unknown whether it can decrease the wear-related revision rate of total hip arthroplasty. Objectives: To determine whether cross-linked polyethylene decreases the wear-related revision rate of total hip arthroplasty compared with conventional polyethylene. Data sources: Electronic databases, including PubMed, EMBASE, and the Cochrane Central Register of Controlled Trials, were queried from inception to July 6, 2013. Study selection: Randomized controlled trials (RCTs) comparing cross-linked polyethylene with conventional polyethylene were included. In addition, the standard 28-mm femoral head was used, and follow-up was performed for a minimum of 5 years. The primary outcome assessed was wear-related revision. The secondary outcome measures evaluated were the incidence of osteolysis, the linear wear rate, and the linear head penetration. Data synthesis: The Cochrane Collaboration's tool for assessing the risk of bias was used for quality assessment. Data from eligible studies were pooled using a random effects model. Results: Eight studies involving 735 patients were included in this study. Meta-analysis showed there was no significant difference between cross-linked and conventional polyethylene group in terms of osteolysis or wear-related revision. The pooled mean differences were significantly less for the linear wear rate and linear head penetration for cross-linked polyethylene than for conventional polyethylene. Limitations: The studies differed with respect to the cross-linked liner brands, manufacturing processes, and radiological evaluation methods. Moreover, the follow-up periods of the RCTs were not long enough. Conclusions: The current limited evidence suggests that cross-linked polyethylene significantly reduced the radiological wear compared with conventional polyethylene at midterm follow-up periods. However, there is no evidence that cross-linked polyethylene had an advantage over conventional polyethylene in terms of reducing osteolysis or wear-related revision. Nevertheless, future long-term RCTs on this topic are needed. Key findings: Cross-linked polyethylene significantly reduced radiological wear but not osteolysis or wear-related revision in comparison to conventional polyethylene at midterm follow-up periods. Level of evidence: Level I, systematic review of level I studies.
Introduction
Although total hip arthroplasty (THA) has provided satisfactory results for over four decades, the optimal bearing surface remains controversial. Hard bearing surfaces such as ceramic-onceramic (CoC) and metal-on-metal (MoM) have outstanding wear performance [1, 2] , but they have their own inherent limitations and may not be suitable for all patients. CoC bearings have been documented to squeak or fracture catastrophically [3, 4] . MoM bearings have been associated with increased metal ion levels in serum [5] . Metal-on-polyethylene bearings have been used as the main material for contact surfaces in THA; however, the survivorship has been limited by aseptic loosening and osteolysis secondary to wear and particulate polyethylene debris [6, 7] .
To reduce the volume of wear debris generated at the bearing surface and thereby improve the longevity of the prosthesis, several http://dx.doi.org/10.1016/j.otsr.2014.07.015 1877-0568/© 2014 Published by Elsevier Masson SAS. changes in the manufacturing process for conventional polyethylene have been instituted over the last two decades. The most relevant modification has been the use of irradiation with an electron beam or with gamma radiation to increase the number of cross-links between the polymer chains [8] [9] [10] . The resulting materials are known as cross-linked polyethylenes.
In vitro analysis has shown that cross-linked polyethylene has a greatly increased resistance to wear in comparison to conventional polyethylene [10, 11] . Similarly, some randomized controlled trials (RCTs) have shown that the use of cross-linked polyethylene leads to less wear than the use of conventional polyethylene [12] [13] [14] [15] . As most of these studies had short-term follow-ups, it remains unknown whether these improvements result in less aseptic loosening and improved implant longevity in the long-term. Several systematic reviews have compared cross-linked and conventional polyethylenes [16] [17] [18] . The weakness of these studies is the inclusion of short-term trials, thereby compromising the ability to gain information on wear-related revision outcomes. Recently, several RCTs with midterm (five-to-ten-year) and long-term (more than ten-year) follow-ups have been published [19] [20] [21] [22] .
In light of these issues, the present meta-analysis of data from RCTs aimed to provide an evidence-based appraisal of the effects of cross-linked polyethylene compared with conventional polyethylene in patients who underwent THA. We postulated that cross-linked polyethylene demonstrates a lower incidence of wearrelated revision at midterm to long-term follow-up compared with conventional polyethylene.
Methods

Data sources and searches
Electronic databases, including PubMed, EMBASE, and the Cochrane Central Register of Controlled Trials, were queried for search terms in the following format: (arthroplasty, replacement, hip [mh] or total hip arthroplasty or total hip replacement or THA OR THR) and (cross-linked or cross-linked or cross-linking). Reference lists of relevant articles were manually searched for additional trials. The search was not restricted by language. The latest date for this search was July 6, 2013.
Inclusion criteria
Studies eligible for inclusion met the following criteria:
• RCT; • patients underwent THA;
• both cross-linked and conventional polyethylene liners were included; • only the standard 28-mm femoral head was used;
• reported wear-related revision outcome; • follow-up was performed for a minimum of 5 years.
All studies that did not meet these criteria were excluded.
Data extraction and outcome measures
Two reviewers independently extracted data using a standardized extraction form. Disagreements were resolved by discussion until consensus was reached. In the case that the two reviewers could not reach a consensus, a third reviewer was asked for a final opinion, resulting in a group consensus. The primary outcome assessed was wear-related revision. Secondary outcome measures were the incidence of osteolysis, the linear wear rate, and the linear head penetration. These outcome measures were chosen because they were included in most studies.
Quality assessment
The Cochrane Collaboration's tool for assessing the risk of bias was used for quality assessment [23] . This tool focuses on seven criteria:
• sequence generation; • allocation concealment;
• blinding of participants and personnel;
• blinding of outcome assessment; • incomplete outcome data; • selective outcome reporting;
• other sources of bias.
Each RCT was classified as "low risk" "high risk" or "unclear risk" for each criterion.
Statistical analysis
For dichotomous outcomes, the risk difference (RD) and 95% confidence interval (CI) were calculated as the summary statistics. For continuous outcomes, data means and standard deviations (SDs) were used to calculate a weighted mean difference (WMD) and 95% CI in the meta-analysis. Heterogeneity between studies was quantified using the I 2 statistic. An I 2 value of 0% represents no heterogeneity, and values of 25%, 50%, and 75% or more represent low, moderate, and high heterogeneity, respectively [24] . Data from eligible studies were pooled using a random effects model because of the anticipated heterogeneity among study populations, follow-up durations, implant brands, manufacturing processes, and radiological evaluation methods. A sensitivity analysis was performed to explore possible explanations for heterogeneity. A P-value < 0.05 was judged as statistically significant, except where otherwise specified. All statistical tests were performed with Review Manager (Version 5.1, The Cochrane Collaboration).
Results
Literature search
Of the 961 potentially relevant studies identified through the literature search ( Fig. 1 ), 38 studies were retrieved for full-text assessment, and eight studies met our inclusion criteria [19] [20] [21] [22] [25] [26] [27] . Of these studies, 30 were excluded for the following reasons: 18 studies were not RCTs, six studies dealt with identical study populations, and six studies had a follow-up period < 5 years.
Study characteristics
The main characteristics of the eight RCTs included in the metaanalysis are presented in Table 1 . The risk of bias results for the studies is summarized in Table 2 . These studies were published between 2009 and 2012. The size of the RCTs ranged from 44-230 subjects (total 735). All eight of the studies reported wear-related revision events, five reported osteolysis events, four evaluated the linear wear rate, and four included the linear head penetration.
Primary outcome: wear-related revision
Meta-analysis of the wear-related revision incidence showed there was no significant difference between the cross-linked and conventional polyethylene groups (RD, −0.02, 95% CI, −0.05 to 0.01; P = 0.20; Fig. 2) , and there was moderate heterogeneity (I 2 = 52%). Subsequently, we performed sensitivity analyses to explore the potential source of heterogeneity. Exclusion of the study by Engh et al., [19] which had a high revision rate in the conventional polyethylene group, resolved the heterogeneity but did not change the results (RD −0.01, 95% CI −0.03 to 0.01; P = 0.54; I 2 = 0%). Further exclusion of any single study did not materially alter the heterogeneity, which ranged from 57% to 62%.
Secondary outcomes
Osteolysis
Meta-analysis of the incidence of osteolysis showed there was no significant difference between the cross-linked and conventional polyethylene groups (RD, −0.12; 95% CI, −0.26 to 0.03; P = 0.12), and there was high heterogeneity (I 2 = 92%; Fig. 3 ). Exclusion of any single study did not materially alter the heterogeneity, which ranged from 83% to 95%.
Linear head penetration
Meta-analysis of linear head penetration showed a difference favoring the cross-linked polyethylene over the conventional polyethylene (WMD, −0.07; 95% CI, −0.13 to −0.01; P = 0.02), and there was high heterogeneity (I 2 = 94%; Fig. 4 ). Exclusion of the trial conducted by Engh et al. [19] resolved the heterogeneity but did not change the results (WMD, −0.05; 95% CI, −0.06 to −0.03; P < 0.001; I 2 = 0%). Further exclusion of any single study did not materially alter the high heterogeneity, which ranged from 94% to 96%.
Linear wear rate
The linear wear rate was lower in the cross-linked polyethylene group than in the conventional polyethylene group (WMD, −0.09; 95% CI, −0.15 to −0.03; P = 0.006), with high heterogeneity (I 2 = 95%) ( Fig. 5 ). Further exclusion of any single study did not materially alter the heterogeneity, which ranged from 78% to 96%. 
Publication bias
Discussion
Several review articles have compared cross-linked and conventional polyethylene. One systematic review [17] published in 2009 examined data on radiographic outcomes; however, the researchers did not statistically pool the data to compare treatment effects. Another article [18] published in 2011 reviewed data from several cohort studies and RCTs, and it examined wear and osteolysis, but it did not document the revision outcome. One previous meta-analysis [16] published in 2011 found that using cross-linked polyethylene led to a significant reduction in radiological wear and in the incidence of osteolysis compared to the use of conventional polyethylene, but the rates of revision were not significantly different between the two groups. However, this meta-analysis included short-term and midterm studies, and these follow-up periods may not have been long enough.
In this meta-analysis of RCTs with midterm to long-term followups, we found that cross-linked polyethylene significantly reduced the radiological wear compared to conventional polyethylene. The pooled mean differences were significantly less for the linear wear rate and linear head penetration for cross-linked polyethylene compared to conventional polyethylene. These results were consistent with those of previous systematic reviews [16] [17] [18] . In this meta-analysis, although each of the four RCTs with linear wear rate data reported a significant reduction in linear wear rate, there was a high heterogeneity (I 2 = 95%). We speculate that the heterogeneity imparted by these studies results from the different software used for measurement, as one study used the Martell Hip Analysis Suite software, one employed the Roman V 1.70 software, one used EndoMap version 2.01, and one study did not report the software used.
In an in vitro study, Ingram et al. [29] examined the wear rate of non-cross-linked polyethylene and polyethylene cross-linked with 5 or 10 Mrad of gamma irradiation and found that the wear rate of the materials decreased as the level of cross-linking increased. In studies of standard 28-mm heads, some authors have reported that linear wear rates greater than 0.2 mm per year always produce wear particle-induced osteolysis, whereas wear particle-induced osteolysis is mostly absent for annual wear rates less than 0.05 to 0.1 mm per year [6, [30] [31] [32] . Therefore, these authors suggested that the incidence of osteolysis increases as the rate of wear increases, and osteolysis was significantly associated with prosthesis loosening and revision [6, [30] [31] [32] . However, several investigators have found that cross-linked polyethylene debris is smaller and more inflammatory than non-cross-linked polyethylene [29, 33] . These investigators found that the inflammatory response to polyethylene particles was affected by the degree of cross-linking, and polyethylene cross-linked at 10 Mrad resulted in more osteolysis than non-cross-linked polyethylene. These results suggest that the improved wear characteristics of highly cross-linked polyethylene may be offset somewhat by the modestly increased inflammatory profile of the highly cross-linked particles compared with the noncross-linked particles. Our meta-analysis showed that cross-linked polyethylene yields a significantly improved wear in comparison to conventional polyethylene; however, these wear advantages did not translate into less osteolysis or aseptic loosening. These results contradicted our hypothesis. It is possible that differences in particle size and inflammatory response affect the predicted improvement in outcome after THA.
The association between the femoral head size and the linear wear rate or osteolysis remains unclear. A clinical study by Hammerberg et al. [34] demonstrated that there was no statistical difference in linear wear rates and the annual or total penetration rates when 28-mm and 32-mm heads were compared to 38-mm and 44-mm heads. In a midterm follow-up study, Lachiewicz et al. [35] found no association between femoral head size and the linear wear rate, but observed associations between larger (36-and 40-mm) head size and the volumetric wear rate and the total volumetric wear. In contrast, a comparative study by Tarasevicius et al. [36] indicated that over a 10-year follow-up, wear was greater for the larger femoral head, which was correlated with capsular distension. Similarly, a systematic review by Cross et al. [37] suggests that volumetric wear increases with large femoral heads on polyethylene and increases corrosion of the stem in large metal-on-metal modular THA; however, the risk of potentially developing osteolysis or adverse reactions to metal debris is still unknown. In this meta-analysis, we exclusively included the THA with the standard 28-mm head size to avoid the possible confounding effect associated with different head sizes.
Some authors have raised concerns about the effects of cross-linking on the mechanical properties of highly cross-linked polyethylene, which has a lower toughness and elastic modulus than conventional polyethylene [38] . However, none of the RCTs included in our study documented liner rupture events, indicating the safety of cross-linked polyethylene.
The studies involved in the meta-analysis were relatively small, which compromised the ability to draw strong conclusions. The strength of this meta-analysis is the exclusive analysis of RCTs, which helped to reduce the systematic error inherent in retrospective and some prospective cohort studies. A meta-analysis is most persuasive when data from RCTs are pooled.
This meta-analysis has several potential limitations that should be taken into account. The studies differed with respect to the cross-linked liner brands, manufacturing processes, and radiological evaluation methods, which may have a potential impact on our results. In addition, conflict of interest is an issue that requires special consideration. In this review, we were not sure whether the authors of the eight studies received benefits from commercial parties or not. Some investigators have reported that research is more likely to favor a product when an investigator has a financial interest in or funding from the company that manufactures the product [39] . Moreover, the follow-up periods of the RCTs ranged from 5-12 years, and the revision rates may change with longer follow-ups. Future reports with longer follow-ups in the next few years will provide a more accurate reflection of revision rates.
Conclusions
The current limited evidence suggests that cross-linked polyethylene significantly reduced the radiological wear compared with conventional polyethylene at midterm follow-up periods. However, these results contradicted our hypothesis that cross-linked polyethylene has an advantage over conventional polyethylene in terms of reducing osteolysis or wear-related revision. Nevertheless, future long-term RCTs on this topic are needed.
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